Microreactor-mediated organocatalysed Michael reactions have been developed. By using a soluble proline-derived catalyst, Michael-type reactions, leading to γ-nitroketones, have been optimized in homogeneous and continuous-flow conditions. As proof of principle, an integrated microfluidic system able to perform domino processes useful in the preparation of bicyclo[4.4.0]decanes with six contiguous stereogenic centres has been set up.
Introduction
Nowadays the need for a sustainable development represents a challenge for synthetic chemists but at the same time an important opportunity. Although there is an increasing need of new molecules in several fields going from medicine to material science, chemists are encouraged to develop either more green and sustainable synthetic methodology or new production technology. In the field of new stereoselective synthetic methodologies, it is emerging that organocatalysis hold the potential to become a sustainable alternative to metal-catalysis for the preparation of chiral molecules [1] . Despite the very high level of stereocontrol achievable with organic catalysts, organocatalysed reactions frequently suffer of long reaction times, low turnover numbers, and high catalyst loading. In many cases, an excess of reactants is also needed for reaching higher conversions. Looking for new technologies, microreactors and continuous-flow technology are emerging as an alternative to traditional batch reactors for modern synthetic chemistry [2] . Both microstructured continuous-flow reactors and chip-based microreactors offer numerous advantages such as highly controlled reaction parameters, efficient mixing, operational safety, reduced reagent consumption, and ready scale-up [3] . In recent years, microreactors have been applied to many standard transformations in synthetic organic chemistry including enantio-and stereoselective reactions [4] . However, the development of efficient organocatalysed continuous-flow processes is still challenging. One of the main problem with homogeneous organocatalysis is the perfect solubility required for the catalyst and reactant mixture in order to avoid clogging. By contrast, a heterogeneous organocatalytic process requires a suitable solid support or immobilized catalyst to be prepared and this provides alternative challenges. Nevertheless, several examples of efficient heterogeneous [5] as well as of homogenous [6] organocatalytic continuous-flow processes have been reported. An original approach to organocatalysed continuous-flow procedure, developed by McQuade and coworkers, uses packed bed solid catalyst or catalyst precursor that slowly dissolve within the streaming of reactant's solution [7] . All the reported methodologies have advantages and disadvantages and in some cases complement each other.
The research work described here is aimed at developing sustainable stereoselective organocatalysed reactions in chipbased microreactors under homogenous conditions. The idea, depicted in Scheme 1, concerns the set up of a continuous-flow system able to perform organocatalysed reactions either as single step or domino sequence under homogenous conditions via enamine and/or iminium activation mode [1] . In principle, the microfluidic system reported in Scheme 1 might be suitable to perform a Michael addition in the first chip microreactor M1 leading to the adduct with two contiguous stereogenic centres. Assuming a complete conversion of the reactants in M1, feeding a second chip microreactor M2 with the output solution of M1 (containing the adduct and the catalyst from the previous step) with a different Michael acceptor (e.g., an α,β-unsaturated carbonyl compound), a second organocatalysed process would lead to the corresponding adduct with up to four consecutive stereogenic centres. A final organocatalysed aldol reaction would give a highly functionalized cyclohexane with up to six contiguous stereogenic centres.
This integrated microfluidic system could prove useful in planning organocatalysed domino processes in continuous-flow mode and in a more sustainable fashion [8] .
It is worth pointing out that organocatalysed domino reactions, leading to substituted cyclohexanes, have been recently reported in batch mode by Enders and Chen and that the same strategy has been adopted here, but with the aim to transfer this process in homogenous continuous-flow mode [9] . However, continuous-flow organocatalytic tandem Michael-aldol reactions have been also developed under heterogeneous conditions, by using a supported catalyst, by Pericàs and coworkers [10] .
Herein we report our preliminary results based on optimisation, in a chip microreactor, of an organocatalysed Michael addition between symmetric cyclic ketones and β-nitrostyrenes as an initial step, and the set up of a domino process as proof of principle.
In order to develop the above mentioned process, under homogeneous conditions, avoiding possible clogging, factors such as the solubility of the catalyst, the stoichiometry of the reactants and the concentration of the feeding solutions were taken into consideration [11] .
The investigation started searching for a suitable catalyst for the Michael reaction. Catalysts 1a-g were tested in the reaction between cyclohexanone and β-nitrostyrene under macrobatch conditions. Experimental parameters such as the solvent, the solubility of the reactants, the reaction time, and the stereoselectivity were considered ( Figure 1 ).
It was found that diarylprolinol silyl ether, the so-called Jørgensen-Hayashi catalyst [12, 13] 1d and thioureas 1e-g gave suspensions in most of the used solvents (dimethyl sulfoxide [DMSO] , toluene, EtOH, and CH 2 Cl 2 ) and very low conversion. It was also observed that the solutions of catalysts 1d-g and cyclohexanone turned heterogeneous upon addition of β-nitrostyrene. In striking contrast, proline derivatives 1a-c were found more effective giving higher conversions and homogenous systems. Catalyst 1b was found the most effective in term of stereoselectivity as already reported [14] . Unfortunately, the use of CH 2 Cl 2 as the solvent into a glass chip microreactor was problematic because of the unmanageable backpressure generated above 40°C and the very low conversion (<10%). The use of different solvents resulted in heterogeneous reaction mixtures.
For these reasons, the commercial availability and the high solubility observed in batch mode, (pyrrolidin-2-yl)-tetrazole 1a was used as the catalyst and DMSO as the solvent [15] . Similar conditions have been reported by Seeberger for microreactor-mediated aldol and Mannich reactions [6b] . In addition, this organocatalyst has been successfully employed by Ley and Yamamoto in several enantio-and diastereoselective transformations [16] .
By using a 1.0-mL 2 input glass-microreactor with a Y mixing zone [17] , the reaction between cyclohexanone 2a and β-nitrostyrene 3a was optimized searching for the optimal reaction conditions in terms of stereoselectivity, catalyst loading and reactant stoichiometry (Table 1) [18]. As reported in Table 1, with a 5% catalyst loading, high yields of the adducts 4 and 5 were obtained at 60°C with a residence time (t R ) of 70 min (entry 6). Lower temperatures and shorter residence times furnished lower yields (entries 1-5). However, the diastereoselectivity of the reaction was not affected by the catalyst loading, temperature, and residence time. The stereoselectivity observed with the flow microreactor system under the optimal conditions of entry 6 (dr 4a/5a: 92/8; er 4a/ent-4a: 72/28), compared well with that reported by Ley under macrobatch conditions (dr 4a/5a: 94:6; er 4a/ent-4a: 76/24) [19] . In Ley's report, it was found that the use of a mixture of ethanol and isopropanol (EtOH/IPA=1:1) led to a better stereoselectivity (er up to 80:20) . Unfortunately, such solvent mixture gave insoluble material not suitable for our chip microreactors.
With the aim to develop a more sustainable process, the reactant stoichiometry was also optimized. The equivalents of cyclohexanone were progressively reduced ( Table 1 , entries 7-9), and the temperature and residence time slightly increased to achieve Scheme 1. Organocatalytic continuous-flow approach to chiral cyclohexanes Figure 1 . Organocatalysts screened for the Michael reaction higher conversion. It was found that, with 8% of catalyst at 80°C with a residence time of 100 min, an equimolar mixture of cyclohexanone 2a and β-nitrostyrene 3a gave a 94% yield of adducts 4a and 5a in a 90:10 ratio, respectively (entry 10). The higher temperature was not affecting the stereoselectivity, and the major stereoisomer 4a was obtained with good diastereoselectivity and slightly enantioenriched (ratio 4a/ent-4a 70/30) [20] . The reaction was run under the optimized conditions (by using a 1M solution of reactants) for 24 h without clogging.
The scope of the methodology was explored, under the optimized conditions above, using an equimolar mixture of cyclohexanone 2a and β-nitrostyrenes 3b-e. Adducts 4b-e were obtained in very good yields and high diastereoselectivity (Table 2) . Only modest enantiomeric ratios (up to 85:15) were observed for adducts 4b-e likely ascribable to the catalyst 1a that is not the first choice for this reaction [11] .
The applicability of this continuous-flow methodology was further tested in the reaction of prochiral ketones 2b-e and β-nitrostyrenes 3a-c (Table 3) . High syn selectivity (syn/anti ratios >95:5) was observed obtaining almost exclusively adducts 6a-f and 7a-f. The reaction was also highly diastereoselective in the syn adducts furnishing 6a-f as the major stereoisomers (Table 3) . Despite the good level of diastereocontrol in this Michael reaction, a low enantiocontrol was observed likely ascribable to the catalyst 1a architecture [21] .
With the optimized conditions for the Michael addition in hand, we decided to attempt the set up of the domino process depicted in Scheme 1 by using two chip microreactors in series.
The integrated microfluidic system and the results obtained are reported in Table 4 . We were happy to find that feeding the second chip microreactor with the solution containing both the γ-nitroketones 4a-c and the catalyst 1a and with a solution of cinnamic aldehyde, a domino nitro-Michael-aldol reaction occurred, likely via an iminium-enamine activation mode, leading to bicyclo [4.4.0] decane derivatives 8a-c and 9a-c.
It is worth mentioning that, to our knowledge, only one example of organocatalysed synthesis in macrobatch conditions of bicyclo [4.4.0] decane scaffold of the kind of 8 has been reported [9c] . By using this integrated microfluidic system, both stereoisomers 8 and 9 could be obtained. The system could run for hours without clogging providing up to 2.4 g of a 46/54 mixture of 8c and 9c in 24 h. The relative stereochemistry of 9a was determined by nuclear oververhauser effect spectroscopy (NOESY) experiments and by comparison with the known derivative 8a (see Supplementary material for details). f Enantiomeric ratios of the major diastereoisomer 4 ascertained by chiral HPLC (see Supplementary material). The absolute stereochemistry of the major enantiomer is reported according to the literature data (see Supplementary material). The stereochemical investigation on 9a allowed us to speculate on the mechanism of formation of bicyclo [4.4 .0]decane 8 and 9. It is likely that the syn-stereoisomer 4a-c, formed in the first chip microreactor, reacts with poor stereoselectivity in the nitro-Michael reaction but with high stereoselectivity in the aldol reaction leading to a transoid ring closure giving the bicyclo [4.4.0] decane derivatives. This mechanism would account for the formation of only two stereoisomers 8 and 9. The new bicyclo [4.4.0] decanes 9a-c were obtained with a good enantiomeric ratios up to 89:11 (see Table 4 ).
In conclusion, this preliminary investigation shows that microreactor technology can be successfully applied to organocatalysed reactions. Our results demonstrated that it is possible to optimise reaction conditions with respect to macrobatch conditions, making the continuous-flow process more sustainable. In addition, we have shown that, by using two microreactor in series, it is possible to promote, with the same catalyst, a domino process under homogeneous conditions. The solution properties of catalyst 1a are clearly highly beneficial to this overall process. The current challenge is to improve the solubility profile of catalysts such as 1b-g which will lead to significant higher levels of diastereo and enantioselectivity to provide a more industrially relevant process. www.knauer.net/dosing Which pumps fi t you right?
